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Abstract
DNA hybridization is a process in which two single-stranded DNA (ssDNA)
molecules bind each other through base-pairing to form a double-stranded DNA
(dsDNA). Hybridization, especially of oligonucleotides, plays a central role in
many important techniques, such as PCR, microarrays, and DNA origami.
Therefore, kinetic rates of hybridization crucially aect the eciencies of those
techniques. In this thesis, I describe novel influences of two types of ssDNA
structures on hybridization kinetics: thermodynamically unfavorable (G
positive) secondary structures and single-strand base stacking (SSBS).
Thermodynamically unfavorable secondary structures show positive Gibbs
free energy changes (G) with self-folding. The influence of G positive
secondary structures on solution hybridization kinetics was studied using
stopped-flow experiments. Observed hybridization kinetics significantly
depended on the base sequence, and determined hybridization rate constants
diered by two orders of magnitude among the sequences. The dierence was
correlated with the stability of the secondary structures. To understand the
mechanisms underlying the secondary structure dependence of hybridization
rate, I proposed a reaction model for the hybridization with positive G
secondary structures. This model enabled me to calculate hybridization rate
constants from base sequences, and the calculated rates quantitatively agreed
with the experimental rate constants. In addition, the analysis of kinetic data
derived using the model suggested that SSBS aects hybridization kinetics.
Influences of positive G secondary structures on surface hybridization
kinetics were also studied using DNA microarrays. The DNA microarrays
provided kinetic data for the hybridization of one hundred strands with dierent
base sequences. I found a similar secondary structure dependence of
hybridization rates to that observed in the study of solution hybridization, when
the concentration of free ssDNA strands is much higher than that of immobilized
strands. However, the dependence was not observed when the free strand
concentration is much lower than the immobilized strand concentration. To
understand the mechanisms underlying the concentration dependence of
secondary structure influence, I developed a reaction model by expanding the
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traditional model of hybridization kinetics on solid surfaces.
The SSBS was suggested to have a substantial influence on hybridization
kinetics from my study of solution hybridization. To evaluate the influences of
SSBS, molecular dynamics (MD) simulations of nucleotide tetramers were
carried out. Obtained MD trajectories showed a significant sequence dependence
of SSBS stability. The dependence was compared with that suggested from the
solution hybridization experiments, which showed that the dependence is
compatible with the reaction model developed in the study of solution
hybridization.
In the future, the ssDNA structures described in this thesis will be utilized as
tools for accurately controlling hybridization rate, which is necessary for further
development of various DNA-related techniques. In addition, my insights into
DNA hybridization will be applicable to RNA hybridization. Therefore, this
study provides further insight into the mechanisms of RNA-RNA interactions,
such as RNA interference in gene expression.
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Chapter 1
Nucleic Acid Hybridization
Nucleic acid hybridization is a process in which two single-stranded nucleic acid
molecules bind each other through base-pairing to form the double strand.
Especially, hybridization between short single-stranded nucleic acid molecules,
often called oligonucleotides, (Figure 1.0.1) has been utilized in various
biotechnologies such as gene detection [1], amplification [2], and mutation [3].
Oligonucleotide hybridization is highly sequence specific due to the
Watson-Crick rules for base-pairing [4]. These rules state that each of the four
types of nucleic acid bases binds to a specific partner through hydrogen bonding;
for DNA, adenine (A) binds to thymine (T), and guanine (G) binds to cytosine
(C). This specificity of hybridization is the origin of the high-fidelity replication
of genetic information.
Studies of oligonucleotide hybridization are often divided into two groups by
the property focused on: studies of thermodynamics and those of kinetics
(Table 1.0.1). The former have investigated how temperature aects the
concentration ratio of single strands to double strands at equilibrium. The latter
have investigated how the concentration ratio of single strands to double strands
changes as a function of time, and have provided insight into the detailed
mechanisms underlying hybridization specificity.
The thermodynamics of oligonucleotide hybridization has been studied since
the 1960s [5]. The thermodynamic properties have been revealed to depend on
several factors; including the length of nucleic acid strand [12], the GC content
1
Figure 1.0.1: A schematic of deoxyribooligonucleotide hybridization. Sugar-
phosphate backbones of DNA are represented by green and blue arrows (50-to-30
direction). Four bases of adenine, thymine, guanine, and cytosine are represented
by A, T, G and C, respectively.
Table 1.0.1: Studies about oligonucleotide hybridization/dehybridization.
’53 DNA double helical structure [4]
’60s Length, Temperature, pH, GC content, Ionic strength (e.g., [5])
KINETICS THERMODYNAMICS
’70s N-Z model [6] Two-state model [7]
’80s Sequence dependence [8]
’90s NN parameter [9]
(K values was calculated
from sequences)a
’00s- Secondary structures [10]
’06 Stable secondary structures [11]
’16 Unstable secondary structures [this thesis]
’16- (kon needs to be calculated
from sequences)b
a K represents the equilibrium constant of hybridization/dehybridization.
b kon represents the rate constant of hybridization.
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(the amount of G and C bases) in the strand [5], and the ionic concentration of
solvent [13]. To describe the thermodynamic behavior of
hybridization/dehybridization of oligonucleotides, the two-state (all-or-none)
model has been widely accepted. In that model, the transition between the two
single strands and a double strand is represented by a simple reversible model:
A + B$ AB, where A and B denote two complementary single strands, and AB
denotes the double strand composed of A and B. Partially hybridized
intermediates are ignored. This model introduced the concept of the melting
temperature (Tm) of double-stranded nucleic acids. At the melting temperature,
single strands and double strands exist at the same concentration, and Tm values
are often used to represent the thermodynamic stabilities of double strands. In
order to calculate Tm values from base sequences, unified sets of parameters,
called Nearest-Neighbor (NN) parameters, were derived from previous
experimental observations of the thermodynamics [9, 14]. The NN parameters
provide values of enthalpy and entropy changes for every adjacent two base-pair
formation, which has enabled the research community to calculate
thermodynamic properties for any sequences of double-stranded nucleic acids.
On the other hand, the kinetics of oligonucleotide hybridization has also been
studied since the 1960s [15]. Earlier researchers found that hybridization kinetics
depends on various conditions, including temperature, length (molecular weight),
and the pH of solvent [15]. In addition, the nucleation-zipper model for
oligonucleotide hybridization was proposed [1, 16]. In this model, the
hybridization process is described as follows:
A + B
nucleation      ! AB zippering      ! AB; (1.1)
where AB denotes a partially hybridized intermediate, and A, B, and AB are the
same as described above. The intermediate AB contains three or four
successively hybridized base-pairs [6]. This model provided a widely accepted
explanation for the non-Arrhenius behavior evident in the temperature
dependence of hybridization rates as described later. Building on this classical
model, researchers later investigated more quantitatively the relationship
between base sequence and hybridization kinetics [17–19]. However, compared
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with the current understanding of the thermodynamics of oligonucleotide
hybridization [9, 20, 21], our understanding of the underlying kinetics is not as
sophisticated [22], and the calculation of hybridization rates from sequences
remains challenging.
Attempts to further the understanding of hybridization kinetics have recently
attracted much attention [23], especially due to the dramatic developments in
nucleotide-based nanotechnology, such as dynamic DNA devices [24], in vivo
DNA computing [25], and the cotranscriptional folding of RNA nanostructures
[26]. For example, in the case of DNA computing, the computation is driven by
hybridization, and thus, the speed of computation crucially depends on the
hybridization rate. Moreover, these nucleotide-based systems are often coupled
with other biomolecules like proteins, and therefore, utilization under isothermal
conditions is desirable to avoid denaturation of the coupled biomolecules. Under
isothermal conditions, the temperature control, which is currently used to avoid
kinetic trapping in nucleic acid interactions, is prohibited. Consequently, for the
further development of those technologies, a more accurate control of
hybridization rates under isothermal conditions is necessary. Thus, detailed
insights into the hybridization kinetics and a methodology to calculate
hybridization rates are highly desired.
To understand the physical mechanism of oligonucleotide hybridization, the
influence of structural properties of single-stranded nucleic acids on
hybridization kinetics must be considered. Single-stranded nucleic acid
structures are often divided into three levels: primary, secondary, and tertiary
structures (Figure 1.0.2) [16]. The primary structure corresponds to a linear
chain composed of successive nucleotides (Figure 1.0.2a). This structure is
determined by the one-dimensional base sequence information. The secondary
structure corresponds to self-folded structure formed by internal base-pairing,
which is usually described two-dimensional illustrations (Figure 1.0.2b). For
example, hairpin structures, often used in the design of molecular beacons, are
classified as a secondary structure. The tertiary structure is formed by
three-dimensional folding, or winding, of the secondary structure. For example,
the L shape of tRNA, which is formed by folding of the cloverleaf secondary
structure, is classified as a tertiary structure. Interestingly, these structures of
4
Figure 1.0.2: Three levels of single-stranded nucleic acid structures: examples of
yeast phenylalanine tRNA [27]. (a) The primary structure. (b) The secondary struc-
ture. (c) The tertiary structure.
single-stranded nucleic acids are dominated by the base sequence information.
Therefore, my study of the influence of these structures on hybridization kinetics
reveals the relationship between base sequences and hybridization kinetics,
which will provide a way to control the time development of interactions
between nucleic acid molecules by editing the sequence information.
In this thesis, I report novel influences arising from two ssDNA structures on
hybridization kinetics: thermodynamically unfavorable secondary structures and
single-strand base-stacking. Both structures have not been considered in
hybridization kinetics, because such structures are much less stable than that
were investigated in previous researches. In other words, influences of such
unstable ssDNA structures on hybridization kinetics have been considered to be
ignorable. However, recent developments in DNA-related technologies have
made such unstable structure influences unignorable. In the following chapters, I
describe eects of unstable ssDNA secondary structures in solution hybridization
(Chapter 2), on surface hybridization (Chapter 3), and eects of single-strand
base-stacking on hybridization rates (Chapter 4).
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Chapter 2
Effects of Unstable Secondary Structure on
Solution Hybridization
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Chapter 3
Effects of Unstable Secondary Structure on
Surface Hybridization
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Chapter 4
Effects of Single-StrandBase-Stacking onHy-
bridization Rates
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Chapter 5
General Discussion and Conclusion
In this thesis, I described the influence of ssDNA structures on hybridization
kinetics. The structures of ssDNA structures investigated, included
thermodynamically unfavorable (positive G) secondary structures and
single-strand base-stacking (SSBS) events. The influence of these structures on
hybridization kinetics was studied here for the first time.
Aiming to develop a method for quantitative prediction of hybridization rate
from base sequence alone, the influence of these structures, especially on the
rate-limiting step of hybridization, were studied here. The rate-limiting step was
found to be the nucleation process for hybridization in solution with these
ssDNA structures. The obstruction of nucleation was attributed to the influence
of positive G secondary structures, which were considered to reduce nucleation
(or binding) sites by forming intramolecular base-pairs. SSBS was suggested to
assist nucleation by decreasing entropic cost of nucleation.
For hybridization on surfaces, the rate-limiting step was suggested to depend
on nucleation within the ERV on the surface, and the diusion from bulk solution
to the surface. For the diusion-limited hybridization, values of the hybridization
rate constant were not related to the stabilities of positive G secondary
structures. Therefore, the positive G secondary structure would not be expected
to have any substantial influence on the diusion process.
The ssDNA structures can be classified in terms of their thermodynamic
stability. The value of the Gibbs free energy change (G) is associated with the
favorability of structure formation. Two structures described in this thesis can
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have G values higher than   2 kcal/mol, which is dierent from those of
previous studies (lower than   2 kcal/mol [11, 28]). Such unstable
conformations are generally dicult to study experimentally, therefore in silico
modeling can be called on to provide useful insights. The MD simulation of
SSBS showed a significant sequence dependence of the stability of SSBS
formation, which supported the mechanism described in this thesis for explaining
the dierence in hybridization rate among sequences having a similar stability of
positive G secondary structure.
This thesis clearly indicates the possibility that the kinetics of interactions
between ssDNA strands is aected by such thermodynamically unfavorable
ssDNA structures. Therefore, consideration of these ssDNA structures may
permit the development of a method for quantitatively predicting kinetic rates of
oligonucleotide hybridization. By helping researchers to avoid unfavorale
nucleotide sequences, such predictions will improve the reliability and eciency
of a range of nucleotide-dependent technologies, including PCR, DNA
microarrays, and DNA origami. In addition, for applications dependent on
finely-tuned hybridization rates, such prediction would allow researchers to
design nucleotides with control over the hybridization eciency, exquisitely
modulating the rate of interaction. Also, my observations for
deoxyribo-oligonucleotides will almost certainly be applicable to hybridization
of ribo-oligonucleotides. Therefore, this study has further implications for
understanding the mechanisms of RNA-RNA interactions, such as RNA
interference in gene expression.
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